Background--Imaging may play an important role in identifying high-risk plaques in patients who have carotid disease and who could benefit from surgical revascularization. We sought to evaluate the cost effectiveness of a decision-making rule based on the ultrasound imaging assessment of plaque echolucency in patients with asymptomatic carotid stenosis.
G iven the high efficacy of medical therapy in patients with asymptomatic carotid artery stenosis with estimated annual risk of stroke of %1%, there is continued debate regarding which patients should be selected for more invasive surgical intervention. [1] [2] [3] In light of the uncertainty around this treatment decision, physicians and patients may benefit from a more accurate tool to stratify patients with asymptomatic carotid stenosis. Historically, the degree of luminal stenosis has been the most frequently used imagingbased marker to assist in decision making, with increasing stenosis being associated with increased risk of cerebrovascular ischemia. 4 Recently, there has been increased attention on how individual plaque components may confer increased risk, independent of the degree of stenosis. 5, 6 Certain plaque components on histopathology, such as lipidrich necrotic core, intraplaque hemorrhage, and plaque surface irregularity, are strongly associated with and predictive of cerebrovascular ischemia. 5, 7 On ultrasound imaging, we can reliably detect "plaque echolucency," which is the imaging correlate to histopathologic evidence of either lipidrich necrotic core and/or intraplaque hemorrhage and is known to increase risk of future cerebrovascular ischemia. 6, 8, 9 Carotid duplex ultrasound is an appealing diagnostic examination for potential stroke risk stratification because of its wide availability, few contraindications, and its ability to detect high-risk "plaque echolucency" and carotid artery stenosis progression.
We sought to compare the lifetime health benefits, healthcare costs, and cost effectiveness of 5 imaging-based stroke prevention strategies for asymptomatic patients with carotid artery stenosis: (1) medical therapy only (antiplatelet, statin, and antihypertensive agents along with lifestyle modification); (2) revascularization if both plaque echolucency on ultrasound and stenosis progression to >90% are present;
(3) revascularization only if plaque echolucency on ultrasound is present; (4) revascularization only if stenosis progression >90% is present; or (5) either plaque echolucency or stenosis progression is present.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request. Institutional Review Board approval was waived for this study, which used computational modeling.
Model Overview
Using a previously developed computer simulation statetransition model, 10, 11 we projected stroke events, life expectancy, quality-adjusted life years (QALYs), and lifetime healthcare costs for asymptomatic patients with 70% to 89% carotid artery luminal stenosis after the incidental diagnosis via carotid ultrasound. The yearly risk of stroke varied, depending on the plaque components on ultrasound (presence or absence of plaque echolucency), risk of complications from revascularization procedures, and progression of arterial narrowing over time. In the model, death could occur from complications during revascularization, stroke, or nonstroke causes (ie, all-cause mortality without deaths from stroke). Depending on the treatment strategy, patients were simulated to either undergo revascularization procedures immediately, later in life based on disease progression, or never. Table 1 describes base-case model inputs and sensitivity analysis ranges. [12] [13] [14] [15] 
Stroke Risk and Degree of Stenosis
The simulated patient population was assumed to have an average age of 70 years (varied between 60 and 80 years in sensitivity analyses) and be 52.1% male, with age and sex based on the patient population evaluated in the Gupta et al meta-analysis of plaque echolucency on stroke risk. The mean annual risk of stroke for this patient population was assumed to be 1.13% based on a meta-analysis of studies of asymptomatic carotid artery stenosis. 3, 16 All patients within the model were assumed to be receiving intensive medical treatment according to current American Heart Association guidelines, which includes antiplatelet agents, high-dose statins, and strict glycemic and blood pressure control. 31 All simulated patients began with 70% to 89% stenosis and could either progress to a more advanced category of luminal narrowing (90-99% or 100%), stay in the same stenosis category, or regress to a lower stenosis category ( Figure S1 ). The analyses were also repeated for an alternative scenario using 50% to 69% as the starting point for all patients, to assess for any change in the cost-effectiveness results in patients with moderate carotid stenosis. The annual probability of progression was 5.2% (with 79% of these progressions by 2 categories) and for regression was 4.5%. 17 Any patients whose stenosis had progressed by 2 or more stenosis categories in a year were assigned a higher risk of stroke. Any patient who reached 90% to 99% stenosis underwent a revascularization procedure in the same year. All patients who underwent a successful revascularization procedure were moved to the lowest stenosis category (0-49%), but still retained the ability to have re-stenosis (ie, progress to increased stenosis categories) at an annual probability of 3%. 18 All patients with 100% stenosis (ie, complete occlusion) experienced an ongoing increased annual risk with no chance of regression or revascularization intervention.
Plaque echolucency was assessed via routine duplex carotid ultrasound. We stratified the risk of stroke based on the presence or absence of echolucent plaque on ultrasound. The test characteristics were based on data from a metaanalysis on plaque echolucency and stroke risk. 6 This analysis of 7 studies included 7557 subjects with asymptomatic carotid artery disease with a mean follow-up of 37.2 months and found that a relative risk of 2.31 of future stroke in those with echolucent plaque on ultrasound compared with those without echolucent plaque. 6 In addition, an analysis of subjects with ≥50% stenosis found a relative risk of 2.61 of future stroke in those with echolucent plaque compared with those without it.
Clinical Perspective
What Is New?
• Using a decision-analytic model to project costs and qualityadjusted life years for stroke prevention, we found that revascularization decisions based on ultrasound plaque characteristics were effective in risk stratification for patients with asymptomatic carotid stenosis.
What Are the Clinical Implications?
• In most patient groups, identifying high-risk echolucent plaque on ultrasound was a cost-effective risk stratification method and may be a practical tool in making more personalized medical decisions for stroke prevention. Mortality in the absence of stroke was based on adjusted age-and sex-specific life tables for patients. 23 We accounted for the risk of stroke deaths by subtracting those from total risk of death. Stroke events increased the immediate risk of death (case fatality of 14%) and increased risk of death in the remaining years of stroke survivors (to 5%, unless the mortality derived from the age-and sex-specific tables exceeded 5%). 21, 22 
Clinical Treatment Strategies
Five clinical treatment strategies were modeled: (1) medical therapy only (antiplatelet, statin, and antihypertensives with lifestyle modification) without revascularization; (2) revascularization if both plaque echolucency was present on ultrasound and there was stenosis progression to >90%; (3) revascularization only if plaque echolucency on ultrasound is present; (4) revascularization only if stenosis progression >90% is present; or (5) either plaque echolucency or stenosis progression >90% is present ( Figure 1 ). Within the base-case analysis, revascularization procedures had a 2% chance of complications, 31.5% of which were fatal, 18.5% of which resulted in nonfatal myocardial infarctions (with subsequent increased risk of death in the future), and the remaining 50% of complications resulted in nonfatal perioperative strokes. 19, 20, 22 Revascularization without complication reduced the risk of future stroke by 46%, according to the largest and most recent randomized controlled trial. 19 Luminal narrowing was evaluated annually via carotid artery ultrasound. For those undergoing only intensive medical therapy, patients only underwent revascularization if their luminal narrowing reached 90% to 99% on subsequent imaging. All patients with complete occlusion did not have revascularization, according to clinical guidelines. 32 When the "both plaque echolucency and progression" strategy was used, those with echolucent plaques on ultrasound and with stenosis progression underwent revascularization. When the "only plaque echolucency" strategy was used, all those with echolucent plaques on ultrasound underwent immediate revascularization.
Costs and Health-Related Quality of Life
Revascularization costs were estimated from the Stenting and Angioplasty with Protection in Patients at High Risk for Endarterectomy trial conducted in the United States at 29 hospitals and included the procedure costs, ancillary and hospital room costs, and physician fees. 24 The cost of the annual carotid Doppler ultrasound was $297, inflated to 2019 ultrasound dollars from the 2017 ultrasound Medicare reimbursement figures for carotid ultrasound. Costs for medical therapy were not included in the model because all patients were assumed to be receiving the same drug regimens regardless of clinical treatment strategy (ie, whether or not they underwent revascularization), according to current clinical guidelines. 33 All patients were assumed to have had their carotid artery stenosis detected via ultrasound screening or on auscultatory findings on physical examination, and the costs for this identification were not included in the model because any incremental cost would be applied to patients across all strategies at baseline. The cost inputs for acute stroke and myocardial infarction were taken from a study on healthcare costs and utilization using claims data from a large US health plan (>14 million geographically diverse participants). 25 The cost inputs for chronic (ie, post-first year) stroke and myocardial infarction were taken from an analysis of the Medical Expenditure Panel Survey data on direct US healthcare costs. 26 Health-related quality of life was represented by utility values between 0 (equivalent to death) and 1 (perfect health) assigned to all health states in the model. Major and minor stroke events were assigned utility values of 0.39 and 0.76, respectively, which were varied in sensitivity analyses. 28 Revascularization was given a utility value of 0.77 for 2 weeks. 30 All other health states were assigned a utility value in the range of 0.724 to 0.840 based on age-and sexspecific utility estimates US nationally representative EQ-5D scores (Table S1 ). 27, 29 
Analysis
We calculated and compared incremental cost-effectiveness ratios (ICERs) for the 5 clinical treatment strategies using the lifetime costs and QALYs projected by the simulation model for each clinical strategy. We assessed cost effectiveness based on a cost-effectiveness threshold of $100 000 per QALY, representing the willingness of a healthcare system to pay for care. 33 We conducted the analysis from a healthcare system perspective throughout a lifetime horizon with all costs in 2019 US dollars and all future healthcare costs and QALYs discounted at 3% annually. 34 The model was programmed in Tree-Age Pro 2014 (TreeAge Software, Williamstown, MA).
Parameters were varied individually in 1-way sensitivity analyses to evaluate the sensitivity of the results to plausible variations in model inputs. Overall model uncertainty was evaluated in probabilistic sensitivity analysis by simultaneously conducting 10 000 random draws from probability distributions for each variable and recalculating cost effectiveness for each iteration within the model.
Results
In the base-case analysis, 35% of patients underwent revascularization because of either plaque echolucency (31%) or progression-based revascularization (4%) in the strategy that included either plaque echolucency or progression-based revascularization. Patients who did not undergo revascularization had the highest stroke events (17.6%) and lowest life-years, while those who underwent revascularization on the basis of either presence of plaque echolucency on ultrasound or progression of carotid stenosis on ultrasound had the lowest stroke events (12.0%) and most life-years (14.4092 ). The strategy rankings were the same (from no revascularization to either plaque echolucency or progressionbased revascularization) for revascularization-related costs (Table S2) . Table 2 outlines the cost-effectiveness results for patients at age 70 years who start at 70% to 89% stenosis. The either plaque echolucency or progression-based revascularization strategy had an ICER of $110 000/QALY compared with those who underwent revascularization based on only plaque echolucency, the plaque echolucency-based revascularization had an ICER of $29 000 per QALY compared with the joint plaque echolucency and progression-based revascularization strategy, and the joint plaque echolucency and progression-based revascularization strategy had an ICER of $11 000/QALY compared with the no revascularization strategy. When using starting patient ages of 60 years, the ICER for either plaque echolucency or progression-based revascularization was $19 000/QALY (compared with the plaque echolucency-based revascularization strategy), while plaque echolucency-based revascularization had an ICER of $3700/QALY (compared with the joint plaque echolucency and progression-based revascularization strategy, Table S3 ). However, when the starting patient age is 80 years, the either plaque echolucency or progression-based revascularization had an ICER of $1 800 000/QALY (compared with the plaque echolucencybased revascularization strategy) with a 6.9% stroke risk, the plaque echolucency alone-based revascularization had an ICER of $160 000/QALY (compared with the joint plaque echolucency and progression-based revascularization strategy) with a 8.6% stroke risk, and the joint plaque echolucency and progression-based revascularization had an ICER of $64 000/ QALY (compared with the no revascularization strategy) with a 9.5% stroke risk (Table S4 ). Tables S5 through S7 contain the cost-effectiveness results for the 60 through 80 years age groups but use 50% to 69% stenosis as the starting point for the model, rather than 70% to 89%. The ICERs for the 50% to 69% stenosis starting point were all slightly higher than when starting at 70% to 89% stenosis and again favored the either plaque echolucency or progression-based strategy for both 60and 70-year-olds.
In 1-way sensitivity analyses, the ICER for the either plaque echolucency or progression-based revascularization (compared with the plaque echolucency-based revascularization strategy) was most sensitive to the rate ratio of stroke for 100% carotid artery luminal narrowing and probability of complications during revascularization inputs (Table S8) , while the ICER for the plaque echolucency-based revascularization strategy (compared with the joint plaque echolucency and progression strategy) was robust to plausible variations in model inputs (Table S9 ).
The results of the 2-way sensitivity analysis showing the optimal strategy for varying combinations of baseline annual stroke risk and risks of complications from revascularization is shown in Figure 2 . Combinations of low complication rates for revascularization and high stroke risk values of stenosis favored the either plaque echolucency or progression-based revascularization strategy. In the probabilistic sensitivity analysis, the strategy of either plaque echolucency or progression-based revascularization was most likely to be optimal with a cost-effectiveness threshold of $100 000 per QALY (optimal in 46.6% of probabilistic sensitivity analysis iterations), followed by the plaque echolucency-based revascularization, which was optimal in 45.4% of probabilistic sensitivity analysis iterations (Figure 3 ).
Discussion
Using a decision-analytic model to compare various clinical treatment strategies for stroke prevention in asymptomatic patients with previously detected carotid artery stenosis, we found that revascularization decisions based on the presence of plaque echolucency on carotid ultrasound (and sometimes echolucency or carotid disease progression) was optimal in our base-case analyses of 50% to 69% and 70% to 89% carotid artery stenosis for patients starting at age 60 or 70 years based on a cost-effectiveness threshold of $100 000/QALY in the United States. These age-and stenosis-based subgroup results are intuitive in that they indicate that younger patients with stenosis are more likely to benefit from revascularization, whereas the lifetime benefits of revascularization may be outweighed by the immediate perioperative carotid endarterectomy risks in older patients (starting at age 80 years). Our Weakly dominated (ie, not on the efficient frontier). Figure 2 . Two-way sensitivity analysis showing the optimal strategy for different combinations of baseline stroke risk and revascularization effectiveness. The "plaque echolucency-based" strategy is optimal in the blue region, which includes the base-case result (marked by an "X"); other strategies could be optimal given other combinations of stroke risk and revascularization effectiveness.
results suggest that with further verification of the ability of ultrasound imaging of plaque echolucency to accurately stratify stroke risk in patients with asymptomatic carotid artery stenosis, there may be a benefit of targeted populationbased screening and that such screening might be cost effective in certain high-risk patient groups. We focused on using ultrasound markers of high-risk plaque, especially plaque echolucency, but other features of high-risk plaque may also be important risk stratifiers. Our findings were similar to previously reported cost-effectiveness studies using similar plaque characteristics on other modalities. 11 While other markers may also be effective tools for risk stratification, 10, 11 ultrasound is a readily available, relatively inexpensive, and widely used tool which, if used appropriately, may aid in risk stratification. Our findings were robust for variations in the cost and performance of carotid duplex ultrasound imaging, probability of stroke, mortality parameters, and utility estimates. Our results were relatively unaffected by changes in stroke probability, suggesting that even if future studies indicate a continued downward trend in annual stroke risk with optimal medical management, our point estimate (ie, mean value) for absolute stroke risk reduction from revascularization and model outputs would still be large enough to show good value for targeting high-risk patients for these procedures. Our cost-effectiveness results were most sensitive to changes in the model input values for rate of complications from revascularization procedures, stenosis progression rates, and rate ratio of stroke with carotid occlusion. For example, our results suggest that the either plaque echolucency or progression-based strategy has a higher ICER and becomes unfavorable when the complications from revascularization are high, because this strategy is more inclusive of who receives revascularization. The ongoing CREST-2 Trial (Carotid Revascularization Endarterectomy versus Stenting Trial) for stroke prevention in carotid stenosis patients (estimated completion in 2020) could provide future information on revascularization effectiveness and safety, which were key inputs in our model. 35 Our study has several limitations. First, like any simulation model-based cost-effectiveness analysis, our model inputs came from a variety of sources using the best available evidence. Even despite this inevitable limitation, our sensitivity analyses demonstrated that our cost-effectiveness results were robust for plausible changes in most model inputs. Next, a central input in our cost-effectiveness model is the annual risk of stroke with intensive medical therapy, which has been progressively decreasing over the past 2 decades. 1, 3 Our model relies on the annual risk of stroke from a recent study 3 that estimated an annual stroke rate of 1.13%, which is much less than the previously cited 2% to 3% rate from past decades. Even if there is a continued decrease in annual stroke rates in those with carotid artery stenosis, our results were relatively insensitive to this input and our results were shown to remain valid in a sensitivity analysis. This suggests that even with improved annual stroke rates, our overall conclusions about the Figure 3 . Cost-effectiveness acceptability curve for the probabilistic sensitivity analysis (PSA). The "Either plaque echolucency or stenosis progression" was most likely to be optimal using a willingness-to-pay threshold of $100 000/quality-adjusted life years (46.6% of PSA iterations) followed by the "Plaque echolucency-based" strategy (45.4% of PSA iterations).
cost effectiveness of ultrasound imaging as a stroke risk stratifier are unlikely to be changed. Third, our study focused on carotid endarterectomy rather than the less invasive carotid artery stenting. If the role of carotid artery stenting is confirmed in the management of asymptomatic carotid artery stenting in clinical effectiveness studies such as the Carotid Revascularization for Primary Prevention of Stroke study, future costeffectiveness studies on imaging risk stratification strategies may be warranted. 36 Next, we performed an analysis from a healthcare system perspective, rather than a societal perspective. From a societal perspective, costs for patient time are also included in the model. Our analysis assumes minimal incremental cost differences across strategies for patient time costs. In addition, since payers ultimately decide whether to implement these programs, we decided to use a healthcare system/payer perspective. When assuming a plausible range for costs from a societal perspective to reflect non-healthcare related costs (such as informal caregiver time, for example) for the chronic stroke health state did not change the rankings among the 5 strategies (ie, there was no threshold value for this societal cost parameter that changed the rankings among strategies). An additional limitation is that if the patients who actually receive revascularization procedures are less healthy than those in the trial from which we estimated benefits from the procedure, then the strategies that involved more revascularizations (the either echolucency or progression-based strategy being the most aggressive) would be less cost-effective than what we report in our analysis. Finally, the probabilistic sensitivity analysis results were affected by the uncertainty of the complication rate and cost of carotid endarterectomy. Since these model input estimates come from population-based aggregated data, specific provider and patient characteristics were not accounted for, including comorbid conditions for patients and provider surgical experience.
The decision to undergo revascularization in patients with already detected asymptomatic carotid artery stenosis can be a challenging clinical predicament. By using ultrasound imaging of plaque echolucency, patients with carotid artery stenosis who are at a higher risk of stroke and may benefit the most from revascularization can be identified. Using ultrasound imaging (specifically the presence of the high-risk echolucent plaque) as a risk stratification strategy is costeffective compared with intensive medical therapy alone or just stenosis progression-based intervention in most patient groups. Using this tool may be a practical way to inform personalized medical decisions for stroke prevention in patients with asymptomatic carotid artery stenosis.
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SUPPLEMENTAL MATERIAL
ICER-incremental cost effectiveness ratios *incremental cost-effectiveness ratio, $/quality-adjusted life year, rounded to two significant digits; base-case value: $110,000/QALY **"Either plaque echolucency-or progression-based revascularization" dominant (i.e., had lower costs and more QALYs compared to "Either plaque echolucency-or progression-based revascularization") Table S9 . One-way sensitivity analysis results for the vs. "Plaque echolucency-based revascularization" vs. "Joint plaque echolucency-and progression-based revascularization" comparison. *incremental cost-effectiveness ratio, $/quality-adjusted life year, rounded to two significant digits; base-case value: $29,000/QALY **"Plaque echolucency-based revascularization" dominant (i.e., had lower costs and more QALYs compared to "Joint plaque echolucency-and progression-based revascularization") Figure S1. Possible disease states and transitions in simulation model.
Variable
*indicates that patients all patients begin at the 70-89% stenosis category and may progress, stay in the same category, or regress from that point.
